A three-step method for the purification of Enterocytozoon bieneusi spores from stool specimens was developed. The primary process of purification of the spores from bacterial contaminants involved Percoll gradient centrifugation followed by additional separation using cesium chloride density gradient centrifugation. The cesium chloride-isolated spores were further purified using a flow cytometer with cell sorting capabilities. Sorting was performed without the use of antibodies, fluorochromes, or dyes, leaving the sorted spores in their native state, which appears to be less destructive for spores. When quantified by flow cytometry using tubes with known numbers of highly fluorescent polystyrene beads, the sorted material showed a slight decrease in light scatter characteristics compared with the slightly larger Encephalitozoon species spores. Although the overall recovery of the E. bieneusi spores was low, calcofluor and Gram chromotrope staining, indirect immunofluorescence assay, and transmission electron microscopy revealed that the sorted material was highly purified and contained large numbers of E. bieneusi spores and relatively few bacteria and other debris. The sorted material appeared to be sufficiently pure and could be used for in vitro culture and for the development of a variety of diagnostic reagents as well as in studying the genome of E. bieneusi and host-parasite interactions.
Microsporidia are opportunistic intracellular parasites of the phylum Microspora. Of the more than 1,000 species and as many as 100 genera of microsporidia, only 12 well-defined species (Brachiola vesicularum, Brachiola algerae, Brachiola conori, Encephalitozoon cuniculi, Encephalitozoon hellem, Encephalitozoon intestinalis, Enterocytozoon bieneusi, Nosema ocularum, Trachipleistophora hominis, Trachipleistophora anthropophthera, Pleistophora ronneafiei, and Vittaforma corneae) are included in seven genera that are known to cause infections in humans. Microsporidiosis, a disease resulting from infection with these opportunistic protozoa, has been mostly detected in patients with human immunodeficiency virus (HIV)-AIDS, as well as in other immunocompromised persons, including transplant recipients (11, 12, 16) . According to some surveys, E. bieneusi is consistently associated with gastrointestinal illness and is the most frequently identified microsporidian in fecal specimens of AIDS patients, ranging from 7 to 50% infectivity in patients with CD4 cells below 100/l (26) . However, it was found that only 3 to 4% of HIV-AIDS patients in Peru were positive for microsporidia (V. Kawai, C. Bern, L. Xiao, E. Ticona, A. Vivar, M. Navincopa, G. S. Visvesvara, and R. H. Gilman, 50th Annu. Meet. Am. Soc. Trop. Med. Hyg., abstr.
84, p. 164, 2001).
Recently, E. bieneusi was identified in fecal specimens of immunocompetent travelers from tropical areas (13, 21) . Spores have been identified in water (6, 9) , domestic animals (5; C. Aguila, F. Izquierdo, R. Navajas, N. J. Pieniazek, G. Miro, A. T. Alonso, A. da Silva, S. Fenoy, abstract from the 6th Int. Workshop on Opportunistic Protists, J. Eukaryot. Microbiol. 46:8S-9S, 1999; P. Deplazes, A. Mathis, C. Muller, and R. Weber, abstract from the 4th Int. Workshop on Opportunistic Protists, J. Eukaryot. Microbiol. 43:93S, 1996), and HIV-negative patients (14, 15) . A number of microsporidian species have been established in vitro; however, the establishment of E. bieneusi is yet to be successful. Infections have been reported in simian immunodeficiency virus-infected primates (22) and in a gnotobiotic pig model (12) , but these models do not produce large quantities of spores.
Currently, only fecal specimens from persons infected with E. bieneusi are convenient sources for obtaining large quantities of spores. The difficulty is the purification of the spores from the fecal material. Because immunospecific reagents are not commercially available, positive selection of the spores from the numerous heterogeneous bacteria, possessing size and density characteristics similar to those of the spores, makes purification almost impossible using density gradient separation techniques alone. Thus, additional methods are required to further purify E. bieneusi spores from the bacteria. In this study, we used Percoll and cesium chloride density gradients for the initial purification of E. bieneusi spores from fecal bacteria. Further purification was accomplished using flow cy-tometry with cell sorting capabilities, and the sorted material was quantified using flow cytometry and tubes with known numbers of highly fluorescent polystyrene beads. Purification of E. bieneusi spores is necessary not only for the development of a variety of diagnostic reagents such as polyclonal and monoclonal antibodies but also for analysis of its genome and studies of host-parasite interactions.
MATERIALS AND METHODS
Stool specimens. Stool specimens were obtained from three HIV-AIDS patients in hospitals in Lima, Peru. Thin smears made from these specimens were stained by Weber's chromotrope technique (25) and were examined microscopically for E. bieneusi. Specimens that were positive for microsporidian spores were frozen on dry ice and shipped to the Centers for Disease Control and Prevention. After arrival, spore density in the specimens was determined using calcofluor (23) Stool specimen processing. Approximately one part stool specimen was suspended in nine parts 0.01 M phosphate-buffered saline (PBS), pH 7.2 to 7.4, and filtered through a series of nylon sieves (pore sizes, 210, 100, 70, 50, and 20 m; Small Parts, Inc., Miami Lakes, Fla.). The filtrate was mixed with an antibiotic solution to yield a final concentration of 150 g of gentamicin, 3 g of amphotericin B, and 300 g of imipenem per ml. The spore concentration was estimated by diluting (1:10 2 to 1:10 6 ) a portion of antibiotic-treated spore filtrate, adding to multiwell slides, staining with calcofluor white reagent, and counting the calcofluor-stained spores.
Percoll gradient. A slight modification of a Percoll gradient method (10) was used in the spore isolation process. Briefly, a Percoll solution was prepared by mixing nine parts Percoll (Sigma Chemical Co., St. Louis, Mo.) to one part 10-fold-concentrated PBS. About 45 ml of the antibiotic-treated stool filtrate was layered over 180 ml of the Percoll and centrifuged at 20,000 ϫ g for 30 min at 4°C. The opaque fraction (about 70 ml), containing spores and bacteria located above the sediment, was collected and washed three times with PBS by centrifugation at 20,000 ϫ g for 30 min at 4°C. The washed sediment was resuspended in 10 ml of PBS. Spore concentration was estimated by diluting a portion of the Percoll gradient spore suspension (1:10 2 to 1:10 6 ), adding to multiwell slides, and counting the calcofluor stained spores.
Cesium gradient. The Percoll-gradient spore suspension was subjected to additional clarification using cesium chloride gradient centrifugation. Thirty milliliters of cesium chloride (Sigma Chemical Co., St. Louis, Mo.), prepared at 0.46 g/ml, was overlaid by 10 ml of the spore suspension from the Percoll gradient and centrifuged at 20,000 ϫ g for 30 min at 4°C. The opaque fraction at the interface containing the spores and some bacteria was collected and washed three times with PBS by centrifugation at 20,000 ϫ g for 30 min at 4°C. The sediment was resuspended in 5 ml of PBS. The cesium chloride spore suspension was diluted (1:10 2 to 1:10 6 ) and counted as described above. Sorting spores. In a previous study we used flow cytometry to sort culture grown Encephalitozoon spores (17) . In the present study we have used autofluorescent properties of E. bieneusi spores to sort them by light scatter from fecal material, after they were purified initially by Percoll and cesium chloride density gradient centrifugation. Sorting was done using a FACStar PLUS cell sorter (Becton Dickinson, San Jose, Calif.) equipped with a 70-m-diameter nozzle, a water-cooled 5-W argon laser, and CellQuest acquisition and analysis software (Becton Dickinson). The laser was tuned to 488 nm, and power was used at 200 mW. Both forward scatter (FSC) and side scatter (SSC) light detectors were set to linear scale, the former at an amplifier gain of 16 and the latter at 4. Voltage for the SSC detector was adjusted so that the spore region was near the origin of the FSC-versus-SSC dot plot.
Two fluorescence detectors were used in log scale with emission detection of 515 to 545 nm (FL1) and 663 to 677 nm (FL31 [FL3 on laser 1]). Voltages to these detectors were adjusted so that the spore region was at the origin of the bi-parameter fluorescence dot plot.
Spores purified using Percoll and cesium chloride gradient centrifugations were suspended in 0.01 M PBS, pH 7.4, containing 0.27 mM KCl and 1.54 mM KH 2 PO 4 (PBS2), to a concentration of 20 ϫ 10 6 to 23 ϫ 10 6 spores/bacteria per ml. This yielded about 3,000 events per s using FSC triggering with the sheath pressure set at 11 and the sample differential at 1.2 to 1.4. At these settings and conditions with a drop packet of 3.0, the abort frequency did not exceed 10% of the FSC threshold frequency. The sheath fluid was PBS2. Even though the spores were small and near the limits of detection on the sorter, the FSC threshold was set below 30, which eliminated some electronic noise. To further eliminate electronic noise, low energy was applied to the drop drive, which yielded high drop delays of 14 to 17.
Sorting was accomplished using logical gating of the spores in the FSC-versus-SSC and the FL1-versus-FL31 dot plots. Only events that entered a gate consisting of both the spore region in the FSC-versus-SSC dot plot and the spore region in the FL1-versus-FL31 dot plot were sorted. Sorted material was placed on wet ice and stored at 4°C. After flushing the sample line with filtered PBS2, the same instrument settings were used to acquire data on sorted material to determine the quality of the sort using CellQuest acquisition and analysis software.
Counting sorted material. To determine the number of sorted events, a fluorescence-activated cell scanner (FACScan; Becton Dickinson) equipped with CellQuest acquisition and analysis software (Becton Dickinson), a 488-nm laser, and tubes with known numbers of highly fluorescent polystyrene beads (TruCount; Becton Dickinson) were used. This was the same instrument and instrument settings used to identify and characterize Encephalitozoon species in a previous study (17) . All sorted material was pooled and centrifuged at 1,200 ϫ g for 30 min at 6°C. Most of the supernatant was discarded, and the pellets were resuspended in PBS2. A known volume of sorted material was added to the TruCount tubes. On the flow cytometer, regions were made around the bead and spore regions in both FSC-versus-SSC and FL1-versus-FL3 dot plots, all in log mode. Logical gating was used to accept only those events that entered the bead regions (FSC-versus-SSC and FL1-versus-FL3 dot plots) and those events that entered the spore regions (FSC-versus-SSC and FL1-versus-FL3 dot plots). Calculations on the number of events placed in the TruCount tubes were performed as instructed by the manufacturer, calculated as the inverse of the number of bead events acquired times the number of events acquired in the spore region times the total number of beads in the TruCount tubes (supplied by the manufacturer).
Rabbit polyclonal antiserum and IIF. An adult New Zealand rabbit was injected seven times intravenously with about 10 7 cesium chloride-clarified spores (counts determined by dilution technique) per injection over 12 months. Immune serum was tested and compared with preimmune serum by indirect immunofluorescence (IIF) as described below. Ten days before the final bleed the rabbits were injected with 10 7 sorted spores. Ten microliters of spore suspension from each isolation step was applied to each well of 12-well slides and air dried. The rabbit anti-E. bieneusi serum (1:600 dilution) was incubated with the spores for 30 min and washed with PBS. Bound rabbit immunoglobulin G antibodies were reacted with fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (1:10 2 dilution; Cappel Laboratories, Cochranville, Pa.) for 30 min. Evans Blue was used to counterstain the spores. Slides were washed with PBS, mounted with glycerol mounting medium, and examined using an Olympus BX60 fluorescence microscope as previously described (24) .
Transmission electron microscopy (TEM). Spores from stool preparations and from sorted material were fixed in 2.5% glutaraldehyde in 0.1 M Na cacodylate buffer, pH 7.4, for 2 h at 4°C. After fixation in 1% OsO 4 , the spores were dehydrated in ethanol, concentrated in microcentrifuge tubes, and embedded in Epon 812. Ultra-thin sections were cut and were stained with uranyl acetate and lead citrate. Sections were examined using a JEOL 1200 EX transmission electron microscope.
Test for bacterial and fungal contamination. Portions of the cesium chlorideisolated spore suspensions and the sorted material were inoculated onto blood agar, MacConkey agar, and Sabouraud agar plates. The plates were checked for bacterial and fungal growth after 24 and 48 h of incubation.
RESULTS

Antifungal and antibacterial treatment.
No fungal or bacterial growths were detected on the various media inoculated with Percoll and cesium chloride gradient-purified spores or with sorted material.
E. bieneusi purification process. Nine different stool preparations were made from stool specimens obtained from three (25) . The mean spore counts at each purification step, based on counting stained spores (calcofluor and Gram chromotrope staining), from each of the three patients are displayed in Table 1 . In the stool preparations (45 ml of antibiotic-treated filtrate from 1:10 dilution of stool specimen) from the three patients, the mean counts of E. bieneusi spores ranged from 2.10 ϫ 10 9 to 39.0 ϫ 10 9 while mean spore counts in the cesium chloride density gradients (5 ml in PBS) ranged from 0.025 ϫ 10 9 to 0.63 ϫ 10 9 (Table 1) . From stool preparation to cesium chloride density gradients, the mean recovery of spores ranged from 1.03 to 1.57% (Table 1) . Various methods (Fig. 1a to c [calcofluor, Gram chromotrope, and IIF, respectively]) were nonspecific, staining many different organisms in addition to E. bieneusi spores. Even though Percoll gradients removed large amounts of debris and non-E. bieneusi organisms, significant debris and unwanted organisms remained with the E. bieneusi spores (data not shown).
The cesium chloride density gradients further removed debris and unwanted material. Various stains of cesium chlorideclarified preparation (Fig. 1d to f [calcofluor, Gram chromotrope, and IIF, respectively]) showed many E. bieneusi spores with some debris and a few non-E. bieneusi organisms. Immune rabbit serum used in the IIF showed a very high titer compared with preimmune serum but the antibody preparation was nonspecific (Fig.  1f) . Compared with the stool preparations (Fig. 1a to c) , the cesium chloride density gradients provided more purified E. bieneusi spores compared with spores isolated by Percoll.
Sorting. Figure 2 shows dot plot profiles of unsorted cesium chloride-isolated spore suspensions (Fig. 2 to D) and sorted material ( Fig. 2E and F) from cesium chloride-isolated spore suspensions. Different dot plot profiles of the cesium chloride-isolated spore suspensions are shown between patient A ( Fig. 2A and B ) and patient B (Fig. 2C and D) . Only those events that entered a gate consisting of both region 1 (R1) in the FSC-versus-SSC dot plots ( Fig. 2A and C) and R2 of the FL1-versus-FL31 fluorescence dot plots ( Fig. 2B and D) were sorted. These regions contained the highest concentration of spores in addition to some bacteria, which had autofluorescence and size similar to those of the E. bieneusi spores. Most of the events outside these regions were eliminated because of larger size or higher autofluorescence than the E. bieneusi spores. Sorted material from patient B is shown in a FSC-versus-SSC dot plot (Fig. 2E ) and in a FL1-versus-FL31 dot plot (Fig. 2F) , showing high uniformity of sorted material (98% and 99%, respectively) assessed by measuring the percentage of events that fell within the gated regions. The calcofluor, Gram chromotrope, and IIF staining of sorted samples (Fig. 1g to i) together with the fluorescenceactivated cell sorting data ( Fig. 2E and F) clearly indicate that the sorting step significantly purified the E. bieneusi spore preparation. The purity of the sorted E. bieneusi preparation was also confirmed by TEM. Figure 3 shows examples of the starting material (Fig. 3A) and the same preparation after sorting (Fig. 3B) .
TEM shows also the good preservation of sorted spores indicating that this method is less destructive for spores.
Counts on sorted material. The sorted material was quantified using flow cytometry and TruCount tubes containing known numbers of highly fluorescent polystyrene beads. The sorted material and beads were clearly separated, and the E. bieneusi spores showed slightly less light scatter characteristics than that of the slightly larger Encephalitozoon species previously studied (17; data not shown). Using the described cell sorting technique, an . (E and F) FSC-versus-SSC and F2-versus-F31 dot plots, respectively, on sorted material from patient B. Boxed areas region 1 (R1) and region 2 (R2) enclose concentrations of E. bieneusi spores. Of the sorted events, 98% were contained in R1 of the FSC-versus-SSC dot plot (E) and 99% were contained in R2 of the FL1-versus-FL31 dot plot (Fig. 2F) 
DISCUSSION
Percoll gradient purification is a widely used technique (20) . Accoceberry et al. (2) isolated E. bieneusi spores from stool preparations using a discontinuous Percoll gradient consisting of four different concentrations (100, 67.5, 45, and 22.5%). The spores were sufficiently purified for the production of monoclonal antibodies. In a subsequent study, they used expandedbed adsorption technology using a mouse monoclonal antibody bound directly to recombinant protein A adsorbent for direct recovery of E. bieneusi spores from diluted stool specimen (1). However, monoclonal antibodies to E. bieneusi spores are not available commercially.
In the present study, we sequentially used Percoll and cesium chloride gradients for the purification of E. bieneusi spores from human stool specimens. This technique has been successfully used for the purification of Cryptosporidium parvum oocysts from the feces of infected calves (M. J. Arrowood and K. Donaldson, abstr. 4th Int. Workshop Opportunistic Protists, J. Eukaryot. Microbiol. 43:89S, 1996). Although the Percoll and cesium chloride gradients described here generated relatively pure E. bieneusi spores from human stool specimens, some debris and bacteria remained with the spores.
Flow cytometry has been used in various studies of parasitic protozoa. Single-color flow cytometry has been used to identify microsporidia belonging to the genus Encephalitozoon (21), and two-color flow cytometry has been used to identify C. parvum oocysts in environmental water samples (8) and to quantify C. parvum oocysts in the feces of infected mice using TruCount tubes (16) . Specific antibodies conjugated with fluorochrome have been used in flow cytometry to quantify trophozoites of Giardia duodenalis (4) . Over a period of 1 year, flow cytometry showed that the light scatter and autofluorescence properties of fish microsporidia remained unchanged (3). Further, density gradients and flow cytometry with sorting capabilities have purified oocyst walls of Toxoplasma gondii that were heavily contaminated with fragments of host cells (7) . Sorting was also used to isolate E. bieneusi spores that had been stained with the fluorochrome Uvitex 2B, which labels a spore wall chitin (S. Challier, S. Brown, C. Ombrouck, I. Desportes-Livage, D. De Nay, and M. Gentilini, abstract from the 3rd Int. Workshop on Opportunistic Protists, J. Eukaryot. Microbiol. 41:27S, 1994).
In the present study, we used flow cytometry with cell sorting capabilities to further purify E. bieneusi spores that were isolated using Percoll and cesium chloride density gradients. As observed by calcofluor and Gram chromotrope staining and IIF, the sorted material appeared to be highly purified (Fig. 1g to i) . However, all of these stains were nonspecific and were not suitable for use in sorting. The light scatter and autofluorescence profiles of the sorted material indicated a purity of 98 and 99%, respectively, within the regions used in a gate designated for sorting ( Fig. 2E and F,  respectively) . In this study, quantification of sorted events containing E. bieneusi spores using TruCount tubes and flow cytometry was convenient, and, as expected, the light scatter profiles obtained with the E. bieneusi spores were slightly less in intensity than that obtained in a previous study on the FIG. 3 . TEM of a stool preparation from an AIDS patient with confirmed E. bieneusi infection (A) (bar ϭ 500 nm) and from sorted material from the same patient (B) (bar ϭ 200 nm).
slightly larger Encephalitozoon species (17) . Quantification of the spores using TruCount tubes will be useful in other studies, and TruCount tubes and flow cytometry have quantified CD4 cells in the peripheral blood of HIV-AIDS patients for critical decisions regarding their treatment and classification (19) . The ability to purify and quantify E. bieneusi spores will facilitate further molecular-biological, biochemical, and immunological studies of this parasite.
